The performance of hepatitis B surface antigen (HBsAg) screening assays is continuously improved to reduce the risk of transfusion-associated hepatitis B. In this study, a semiautomated immune complex transfer chemiluminescence enzyme immunoassay (ICT-CLEIA) for the detection of HBsAg, which is as sensitive as hepatitis B virus (HBV) DNA PCR, was developed; the ICT-CLEIA assay performance was compared with the performance of the Architect HBsAg QT assay and HBV DNA PCR. The specificities in the initial assay and after retesting were 99.50% (1,988/1,998 samples) and 99.95% (1,997/1,998 samples), respectively. The analytical detection limit was determined to be 0.2 mIU/ml using the 2nd International WHO HBsAg standard, and the cutoff value (0.5 mIU/ml) of the ICT-CLEIA assay was 8.0 standard deviations (SD) above the mean of the HBsAg-negative specimens. The ICT-CLEIA assay could detect HBsAg even in the presence of anti-HBs antibodies and demonstrated a 23.6-dayshorter window period using commercially available HBsAg seroconversion panels than the Architect HBsAg QT assay. Furthermore, the monitoring of the viral kinetics by the ICT-CLEIA assay and the HBV DNA PCR produced very similarly shaped curves during both the HBsAg seroconversion and reverse seroconversion periods. Therefore, the ICT-CLEIA assay may be useful not only for an earlier detection of HBV reactivation but also for the monitoring of hepatitis B patients.
H
epatitis B virus (HBV) infection is one of the world's most prevalent infectious diseases and a serious global health problem. According to World Health Organization (WHO) statistics, more than 240 million people in the world are estimated to be persistently infected with HBV, and approximately 600,000 people die every year due to the acute or chronic forms of hepatitis B (1) . HBV is transmitted by exposure to infected blood or fluids through transfusion of unscreened infectious blood or blood products, by intravenous drug abuse, by sexual contact with infected persons, or perinatally.
Immunoassays to detect hepatitis B surface antigen (HBsAg) are routinely used for the diagnosis of HBV infection and the screening of blood from donors because of simplicity and costeffectiveness. The number of HBsAg particles is approximately 1,000-to 10,000-fold higher than the number of complete DNAcontaining virus particles (2) , making HBsAg a very sensitive and useful marker for HBV infection. However, despite HBsAg measurement, there remains a residual risk of transfusion-transmitted infection with HBV through the transfusion of infected blood or blood components, due mainly to a relatively long preseroconversion window period following HBV infection or occult HBV infection (3, 4, 5, 6) . Therefore, there is a continuous need to develop more sensitive HBsAg assays capable of reducing the window period and detecting occult HBV carriage.
In addition, HBV has been classified into 10 genotypes, designated A to J, on the basis of an intergroup divergence of Ͼ8% in the complete nucleotide sequences (7, 8, 9) . Furthermore, a large number of amino acid substitutions were found within the central region of amino acid residues 120 to 147 of HBsAg, and some of the amino acid substitutions affect the antigenicity and immunogenicity (10, 11, 12, 13, 14, 15, 16) . Therefore, the sensitivity of immunoassays for HBsAg must be continuously improved to detect all genotypes and, at least, the frequently observed escape mutants to reduce the risk of false-negative results (17) .
Although the immune complex transfer (ICT) technique, which could markedly reduce the nonspecific signals by transfer of the immune complexes from the first solid phase to the second one, has been developed to increase the sensitivity of immunoassay, the assay is time-consuming and takes more than 20 h to obtain the results (18, 19) .
As a gold standard, a highly sensitive multiplex (MPX) nucleic acid amplification test (NAT) for blood screening, capable of detecting HBV DNA, HCV RNA, and HIV RNA in a single tube, has been used since the 1990s. While the minipool sample MPX NAT was superior to the HBsAg assay for detecting HBV during the early stage of acute infection (20) (21) (22) , the cost-effectiveness of NAT is a major concern, especially in populations with low HBV prevalence when donors are screened for HBsAg and hepatitis B virus core antibody (anti-HBc antibody). Clinically, HBV DNA quantification is useful for monitoring chronic hepatitis B patients during antiviral therapy as well as HBV-resolved patients during chemotherapy. Indeed, the highly sensitive HBV DNA assay might be useful for detecting low viral loads, but the assay was too expensive to be applied in developing countries.
In this study, a semiautomated highly sensitive chemiluminescent enzyme immunoassay for HBsAg using the ICT technique (ICT-CLEIA) was developed, and clinical usefulness was evaluated. This HBsAg assay would be more convenient and cheaper than the HBV DNA assay including NAT.
MATERIALS AND METHODS
Specimens. HBsAg-negative sera and potentially interfering specimens were obtained from ProMedDx, Inc. (Norton, MA). A total of 14 human seroconversion panels for HBV were purchased from ZeptoMetrix (Buffalo, NY) and Boston Biomedica, Inc. (West Bridgewater, MA). The 2nd International WHO HBsAg standard was obtained from the National Institute for Biological Standards and Control (NIBSC code number 00/ 588; Hertfordshire, United Kingdom).
HBsAg mutants. Plasmids expressing wild-type small HBsAg (genotype C, serotype adr, GenBank accession number AB033550) and 9 types of recombinant small HBsAg mutants (I126S, Q129H, M133L, D144A, D144E, G145R, G145K, I126S D145R, D144A G145R mutants) were transiently expressed in COS7 cells. For the expression, the expression vector pcDNA3.1 (Life Technologies, Carlsbad, CA) and PolyMag neo (OZ Biosciences, France) as a transfection reagent were used according to the manufacturers' recommended protocol. The culture supernatant was collected 2 days after transfection for analysis.
Alkaline phosphatase-conjugated anti-HBsAg monoclonal antibodies. A murine monoclonal anti-HBsAg Fab was conjugated with alkaline phosphatase (Oriental Yeast Co., Ltd., Osaka, Japan) using N-(ε-maleimidocaproyloxy)succinimide ester (Dojindo Laboratories, Kumamoto, Japan). The conjugate was then purified using size exclusion chromatography. Hybridoma clones producing anti-HBsAg monoclonal antibody were prepared in our laboratory using a conventional method.
2,4-Dinitrophenyl-biotinyl bovine serum albumin-conjugated anti-HBsAg monoclonal antibodies. A murine monoclonal anti-HBsAg Fab was labeled with 2,4-dinitrophenol (2,4-DNP) and biotin via bovine serum albumin (BSA) using succinimidyl-6-(2,4-dinitrophenyl)aminohexanoate (AnaSpec, Fremont, CA) and sulfosuccinimidyl-6-(biotinamido)hexanoate (Thermo Fisher Scientific, Rockford, IL) as described previously (18, 19) . The labeled anti-HBsAg Fab was purified using size exclusion chromatography. Hybridoma clones producing the antiHBsAg monoclonal antibody were established in our laboratory using a conventional method.
Magnetic microparticles coated with anti-2,4-DNP monoclonal antibodies. The magnetic microparticles having amino groups on the surface (Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany) were activated with sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC; Pierce, Rockford, IL) and coupled with a monoclonal murine anti-2,4-DNP monoclonal antibody according to the manufacturer's technical note. The particles were washed and then blocked with BSA. Hybridoma clones producing the anti-2,4-DNP monoclonal antibody were established in our laboratory using a conventional method.
ICT-CLEIA for HBsAg. The HBsAg assay is a one-step chemiluminescent enzyme immunoassay coupled with an immune complex transfer method (ICT-CLEIA). The assay detects HBsAg in the absence or presence of anti-HBs antibodies (HBsAb) by performing sample pretreatment. To dissociate the HBsAg-HBsAb immune complexes for the detection of HBsAg in samples, an aliquot (120 l) of specimens was incubated with 80 l of pretreatment reagent 1 (15 mM phosphate buffer containing 0.15 N NaOH, 1.2 M urea, and 0.4% Brij35) at room temperature for 7 min and subsequently neutralized with pretreatment reagent 2 (0.05 M citric acid, 0.03 M 2-mercaptoethylamine, and 0.6 M NaCl) before being assayed.
The pretreated specimens were incubated with 100 l of alkaline phosphatase-conjugated anti-HBsAg monoclonal antibodies for 9 min, incubated with 100 l of 2,4-dinitrophenol-biotinyl-BSA-conjugated antiHBsAg monoclonal antibodies for 9 min, and subsequently incubated with 75 l of 0.5% (wt/vol) magnetic microparticles coated with anti-2,4-dinitorphenol monoclonal antibodies for 10 min at 37°C. After being washed with a washing buffer (Tris-buffered saline containing 0.05% Tween 20) three times, magnetic microparticles were incubated with 35 l of 5 mM epsilon-DNP-L-lysine hydrochloride (Tokyo Chemical Industry, Tokyo, Japan) to elute the immune complex, and the supernatants containing immune complexes were prepared by magnetic separation. The reaction, including the pretreatment of the specimens as described above, was automatically performed using a 12GC PLUS Magtration System (Precision System Science, Matsudo, Japan). Of the supernatant, 30 l was aspirated and dispensed into a reaction vessel of HISCL-2000i, a fully automated chemiluminescent enzyme immunoassay analyzer (Sysmex, Kobe, Japan), and reacted with 60 l of 0.25% (wt/vol) streptavidincoated microparticles (Sysmex, Kobe, Japan) for 7 min at 42°C. After being washed, the bound alkaline phosphatase activity was measured using a chemiluminescent substrate, CDP-Star with Sapphire II (Life Technologies, Carlsbad, CA), as relative light units. The results were expressed in IU values, which were determined according to an in-house standard curve using the 2nd International WHO HBsAg standard (NIBSC code number 00/588; Hertfordshire, United Kingdom). In each of the assays, a quantitative value greater than or equal to 0.5 mIU/ml was considered a reactive result.
ICT-CLEIA confirmatory assay for HBsAg. The ICT-CLEIA confirmatory assay was performed to confirm the presence of HBsAg in specimens by means of specific antibody neutralization using Abbott Architect HBsAg QT confirmatory reagents 1 and 2. Confirmatory reagent 1 is human plasma containing anti-HBs antibodies, and reagent 2 is human plasma negative for anti-HBs antibodies. In the ICT-CLEIA confirmatory assay, pretreated samples, which were incubated with reagent 1 or 2 for 15 min at room temperature, were used in the ICT-CLEIA assay. If the signal for the neutralized sample was reduced by at least 50% compared to the nonneutralized sample, the sample was judged as HBsAg positive.
Reproducibility. The reproducibility over 10 days was assessed using three serum samples (7.2, 13.9, and 453.7 mIU/ml). Each sample was assayed in triplicate daily for 10 days (n ϭ 30 for each sample). Within-run reproducibility (n ϭ 10) was assessed using two serum samples (11.7 mIU/ml and 577.7 mIU/ml).
Dilution linearity. The HBsAg-positive samples were diluted with HBsAg-negative serum, and the dilution linearity was evaluated. On the basis of the in-house standard curve, the linearity was defined relative to the calculated amount of HBsAg.
RESULTS

Reproducibility.
The between-day reproducibility of the ICT-CLEIA assay was assessed using three HBsAg-positive serum samples (7.2, 13.9, and 453.7 mIU/ml). Each sample was tested in triplicate daily for 10 days (n ϭ 30 tests for each sample). The between-day coefficients of variation (CVs) for 7.2, 13.9, and 453.7 mIU/ml were 2.9%, 2.7%, and 1.9%, respectively (Fig. 1) . samples (छ, 7.2 mIU/ml; ᮀ, 13.9 mIU/ml; o, 453.7 mIU/ml) were assayed in triplicate daily for 10 days. The results are the means from triplicate assays.
The within-run CVs for 11.7 and 577.7 mIU/ml were 1.7% and 1.5%, respectively (data not shown).
Analytical sensitivity. To determine the analytical sensitivity of the ICT-CLEIA assay, a calibration curve was obtained using the 2nd International WHO HBsAg standard serially diluted with HBsAg-negative serum (Fig. 2) . The analytical sensitivity of the ICT-CLEIA assay was 0.2 mIU per ml. At this concentration, the mean minus 2 standard deviations (SD) for the relative light units (RLUs) did not overlap the mean plus 2 SD for the zero calibrator (n ϭ 10 tests for each sample). The concentration-related CVs for 0 to 0.8 mIU/ml ranged from 1.8 to 3.6%.
Dilution linearity. To evaluate the dilution linearity of the ICT-CLEIA assay, four individual HBsAg-positive samples diluted with HBsAg-negative serum were used. As shown in Table 1 , the dilution linearity of the ICT-CLEIA assay ranged from 96.9 to 107.3% relative to the expected amount of HBsAg.
Assay specificity. To evaluate the specificity of the ICT-CLEIA assay, 1,842 HBsAg-negative specimens and 160 potentially interfering specimens were tested ( Table 2 ). The initial and repeatedly reactive rates were 0.70% (14/2,002) and 0.25% (5/2,002), respectively. While one repeatedly reactive specimen out of 1,842 HBsAg-negative specimens was confirmed negative, four repeatedly reactive (1 anti-HIV antibody-positive and 3 from HBV vaccine recipients) specimens out of 160 potentially interfering specimens were confirmed positive for HBsAg by the confirmatory assay using anti-HBs neutralizing antibodies. An anti-HIV antibody-positive specimen reactive according to the ICT-CLEIA assay (43.1 mIU/ml) was also reactive with the Architect HBsAg QT assay (50 mIU/ml). Three specimens (0.5, 1.8, and 6.7 mIU/ml) from the HBV vaccine recipients were bled within approximately 1 month from the date of vaccination. The specificities in the initial assay and after retesting were 99.50% (1,988/1,998) and 99.95% (1,997/1,998), respectively. The cutoff value (0.5 mIU/ml) of the ICT-CLEIA assay was 8.0 SD above the mean of the HBsAgnegative specimens (Fig. 3) .
Mutant sensitivity. All 10 recombinant HBsAg samples, con- Fig. 4 , the ICT-CLEIA assay could detect all types of HBsAg mutants tested, and the COI of the ICT-CLEIA assay was 23.2-to 121.5-fold higher than those of the Architect HBsAg QT assay. Sensitivity for HBsAg seroconversion. To evaluate the ability of the ICT-CLEIA assay to shorten the window period for HBV infection, 12 commercially available preseroconversion panels, which become HBsAg positive during the collection period, were tested. The results of the ICT-CLEIA assay were compared with those of the Architect HBsAg QT assay and HBV DNA PCR. The ICT-CLEIA assay revealed a higher sensitivity than the Architect HBsAg QT assay for the early detection of HBsAg, as shown in Table 3 . The mean window closure time from the first bleed of the ICT-CLEIA assay was 23.6 days shorter than the Architect HBsAg QT assay. In addition, the window periods for the ICT-CLEIA assay and HBV DNA PCR were almost equal. For HBV6279, PCR detected HBV DNA 12 days earlier than the ICT-CLEIA assay detected HBsAg, whereas HBsAg detection by the ICT-CLEIA assay occurred 7 days earlier than HBV DNA detection by PCR with HBV6290. For the remaining 10 panels, HBsAg detection by the ICT-CLEIA assay and HBV DNA detection by PCR occurred simultaneously.
In addition, three panels (PHM935B, HBV6281, and HBV11000) were tested to evaluate the ability of the ICT-CLEIA assay to detect HBsAg in the presence of anti-HBs antibodies. PHM935B and HBV6281 were composed of serial specimens collected during a seroconversion period, whereas HBV11000 was composed of serial specimens collected during a reverse seroconversion period. In PHM935B (Fig. 5A) , the HBsAg levels gradually decreased, but HBV DNA could not be detected between days 203 and 273. Although the Architect HBsAg assay could not detect HBsAg between days 262 and 273, the ICT-CLEIA assay could detect HBsAg with all panels, even in the presence of anti-HBsAb antibody during the late stage of infection. With the HBV6281 panel (Fig. 5B) , which was an acute and recovered hepatitis B seroconversion panel, the ICT-CLEIA assay presented a similar profile change in viral load to that of the HBV DNA PCR during the course of HBV infection. The ICT-CLEIA assay could detect HBsAg even in the presence of anti-HBs antibodies, as shown in PHM935B, whereas both the Architect HBsAg QT assay and HBV DNA PCR (the limit of detection in the provided data was 100 copies/ml) could not detect HBV infection during the recovered phase of infection between days 50 and 54. In addition, the Architect HBsAg QT assay could not detect HBsAg between days 0 and 13 during the acute phase of infection. With the HBV11000 panel (Fig. 5C ), which was a case of reverse seroconversion of anti-HBsAb antibody to HBsAg, the ICT-CLEIA assay demonstrated a similar profile change in viral load to that of the HBV DNA PCR, while the Architect HBsAg QT assay could not detect HBsAg in the presence of anti-HBsAb antibody between days 0 and 18.
DISCUSSION
The HBsAg assay is the first-line screen for HBV in blood donations, and therefore a highly sensitive screening assay is very much needed to reduce the risk of transfusion-associated HBV infection. In this study, a semiautomated ICT-CLEIA assay was developed and evaluated for the detection of HBsAg. Compared with the Abbott Architect HBsAg QT assay, which has a clinical detection limit of 50 mIU/ml, the ICT-CLEIA assay has a 100-foldhigher sensitivity, with a detection limit of 0.5 mIU/ml. To improve the sensitivity of the assay, the ICT technique (18, 19) was coupled with a magnetic microparticle enzyme immunoassay using a chemiluminescent substrate. By using this technique, it was possible to utilize the alkaline phosphatase conjugates at a high concentration without increasing background noise. As a result, the signal-to-noise ratio was increased and the sensitivity of the assay (0.5 mIU/ml) was improved 100-fold higher than that of the Architect HBsAg QT assay (50 mIU/ml). The total assay time could be shortened 10-fold compared to the two-site immune complex transfer enzyme immunoassay described previously (18, 19) . In addition, the specimens were treated with pretreatment reagents to detect HBsAg even in the presence of anti-HBs antibodies in this assay. The ingredients in the pretreatment reagents were optimized for sensitive HBsAg detection by releasing HBsAg from immune complexes consisting of HBsAg and anti-HBs antibody.
The sensitivity improvement of the ICT-CLEIA assay did not compromise assay specificity (99.95%, n ϭ 1,998), and no falsepositive results were observed when testing potentially interfering specimens unrelated to HBV infection. Although 4 out of 160 potentially interfering specimens (1 anti-HIV antibody-positive specimen and 3 specimens from the individuals with HBV vaccination) were positive according to the ICT-CLEIA assay, all four specimens were positive according to the ICT-CLEIA confirmatory assay, indicating that the ICT-CLEIA assay specifically detected HBsAg in the samples. The specimen positive for anti-HIV antibody was also reactive using the Architect HBsAg QT assay. This specimen might have been collected from an individual dually infected with HBV and HIV, although HBV DNA could not be detected in the specimen using the Roche Cobas TaqMan HBV version 2.0 test (data not shown). Indeed, it has been reported that chronic HBV infection is found in approximately 10% of the HIVinfected population (23, 24) . Alternatively, another possibility is that the specimen might have been collected from an HIV-infected individual who had received HBV vaccination. This specimen was negative for anti-HBc antibody (data not shown).
For the three specimens from the HBV vaccine recipients that were reactive with the ICT-CLEIA assay, the patients were bled within approximately 1 month after vaccination according to the vendor's information. There are several reports describing the HBs antigenemia postvaccination (25-32). Lunn et al. reported a prolonged hepatitis B surface antigenemia case due to vaccination (30) . A positive HBsAg was found when the individual donated blood 18 days after vaccination. Köksal et al. reported that the longest duration of confirmed antigenemia was 21 days (29) . Because of the higher sensitivity of the ICT-CLEIA assay, it might be possible to detect vaccine-derived HBsAg for a longer period than reported previously. In addition, all three specimens were negative for anti-HBc antibodies (data not shown), which might support the interpretation that the HBsAg detected with the ICT-CLEIA assay was derived from vaccines.
During the evaluation of the detection of HBsAg mutants, nine recombinant HBsAg mutants all tested positive using the ICT-CLEIA assay. The sensitivity improvement of the ICT-CLEIA assay resulted in 23.2-to 121.5-fold enhanced detection of the HBsAg mutants compared to the Architect HBsAg QT assay, although mutants with amino acid substitutions at position 145 appeared to be underquantified by the ICT-CLEIA assay. The ICT-CLEIA assay was established utilizing several monoclonal antibodies that recognize different epitopes to detect HBsAg mutants. Indeed, the ICT-CLEIA assay could detect the most frequently reported HBsAg mutant, G145R, with or without additional mutation at position 126 or 144, while commercial assays established utilizing a monoclonal capture antibody and monoclonal detection antibody cannot detect these mutants (10, 12) . Moerman et al. reported that the assays using a monoclonal antibody against the amino acids outside the "a" determinant (amino acid residues 124 to 147) were obviously less prone to creating false-negative results (13) . The fact that one of the monoclonal antibodies used in the ICT-CLEIA assay is directed against an epitope located outside the "a" determinant (data not shown) may confer HBsAg mutant detection reliability.
To evaluate the early detection of HBV infection using the ICT-CLEIA assay, commercially available seroconversion panels were tested. The ICT-CLEIA assay reduced the window period by 23.6 days compared with the Architect HBsAg QT assay. In addition, in 10 out of 12 panels tested, HBsAg detection by the ICT-CLEIA assay and HBV DNA detection by PCR occurred simultaneously. We also examined the ability of the ICT-CLEIA assay to detect HBsAg in anti-HBs-positive samples using three types of seroconversion panels (PHM935B, HBV6281, and HBV11000). The PHM935B and HBV6281 panels were cases of seroconversion of HBsAg to anti-HBs antibody, while the HBV11000 was a case of reverse seroconversion of anti-HBs antibody to HBsAg.
When using the PHM935B panels, HBV DNA was negative between days 203 and 273 based on the vendor's data sheet (the Roche Amplicor HBV monitor test; limit of detection was 400 copies/ml), but Kimura et al. (33) demonstrated the presence of HBV DNA during this period by using in-house real-time detection PCR (limit of detection was 20 copies/ml) and nested PCR and revealed that HBV DNA levels gradually decrease, as seen in the ICT-CLEIA assay (Fig. 5A) . Together with the result for the HBV6281 panel, the monitoring of the viral kinetics by the ICT-CLEIA assay and the HBV DNA PCR resulted in very similarshaped curves both in the early and late phases of HBV infection despite the presence or the absence of anti-HBs antibody. Therefore, highly sensitive HBsAg detection by the ICT-CLEIA assay would be useful for not only an earlier detection of acute hepatitis B infection but also in the monitoring of hepatitis B patients during antiviral therapy.
HBV reactivation is a well-recognized complication of solid organ or hematopoietic stem cell transplantation (34, 35) , anticancer therapy with or without rituximab (36, 37, 38, 39) , treatment with biologic agents (40) , or human immunodeficiency virus infection (41) . HBV reactivation occurs in both HBsAg-positive patients and HBsAg-negative patients. In particular, the appearance of HBsAg in patients previously positive for antiHBs antibody is called reverse seroconversion, as seen in the HBV11000 panel (Fig. 5C) . Recently, it was reported that the reduction or the loss of anti-HBs antibody during or after the treatment was followed by HBV reactivation (42, 43) . Therefore, the ICT-CLEIA assay, which is able to detect HBsAg before the loss of anti-HBs antibody, might be useful for the earlier diagnosis of HBV reactivation.
